The first-order nature of the vortex-lattice melting transition in copper-based layered high-T c superconductors is well established. [4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . The apparent absence of such signatures in conventional superconductors such as Nb raises the question whether or not the concept of vortex-lattice melting is applicable at all in such materials [14] . Based on available literature to describe the vortex-state and using the Lindemann criterion, we estimate quantitatively the order of magnitude for the expected latent heats of melting and the associated discontinuities in magnetization, respectively, as functions of a few known material parameters. It turns out that both thermodynamic quantities are not strictly vanishing even in isotropic materials as long as ! > 1 / 2, but they are small and may often be beyond the available experimental resolution.
Introduction
In 1957 Abrikosov wrote his seminal work [15] on two distinctly different types of superconductors. He predicted that in so-called type II superconductors, an external magnetic field penetrates a superconductor in form of magnetic flux lines which arrange themselves in a regular lattice, each one carrying one magnetic flux quantum ! " 0 = 2.07x10 -15 Vs. It was conjectured later that this lattice might undergo some kind of first-order "melting" transition [16, 17] and turn into a "liquid" at sufficiently high temperatures, but well below the transition to superconductivity. This prediction was subsequently invoked to explain the sudden onset of damping of mechanical oscillators bearing a superconducting sample in a magnetic field [18, 19] , hysteresis in the resistivity [20] and neutron-scattering data [21] . The theoretical properties of vortex matter were discussed exhaustively [22, 23, 24] , but the existence of a true first-order transition has been of speculative nature until the first strong thermodynamic evidence for it was found in magnetization measurements on Bi 2 Sr 2 CaCu 2 O 8 [3, 25] . The measurement of the associated latent heat through specific-heat measurements on YBa 2 Cu 3 O 7 followed soon after [10, 4] , and thermodynamic consistency with magnetization data [1] was demonstrated [2, 4] . It became clear that high-quality crystals are necessary in order to clearly observe the first-order behaviour, because defects such as twinning boundaries have been shown to suppress the transition and render it to second order [10] , presumably because they lead to a glass-like phase [26] . Many experimental reports in the literature indeed describe second-order or glass-like transitions, the exact nature of which is influenced by the details of vortex pinning in a given sample. Although the nature of the hightemperature ("liquid") phase is essentially unexplored and no direct experimental proofs for the existence of vortices as distinct entities in this phase are available, we will call the phase transition under discussion hereafter "melting transition".
All confirmed measurements of first-order melting transitions have been made on layered cuprates [1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 25, 27, 28] , and they are now theoretically fairly well understood [17, 29, 30] . Following the same theoretical arguments, a temperature-driven phase transition of the vortex lattice should, in principle, also occur in sufficiently clean lowtemperature superconductors. However, there are only very few reports on measurements of thermodynamic quantities in the context of vortex-lattice melting in such compounds. For Nb and Nb 3 Sn, for example, attempts have been made to measure the melting entropy directly [14, 31] , and the absence of a related signal in very pure Nb has led to reflections about the complete absence of vortex-lattice melting in this compound [14] . Nb 3 Sn seems to be the only low T c superconductor with a report of first-order like features in thermodynamic quantities [31] , which still awaits an independent experimental confirmation, however.
In order to quantitatively understand such experimental results we derive here explicit estimates for the expected discontinuities in entropy and in magnetization for various type-II superconductors. These estimates are based on established theoretical work in the literature about the location of the conjectured vortex-lattice melting lines in the magnetic phase diagram, on Richard's rule [32] to estimate the melting entropy per particle, on the use of the correct "single-vortex length" [33] , and on taking the enhancement of the resulting configurational entropy by the strong temperature dependence of relevant model parameters near the upper critical field into account [29, 30] . We conclude that a measurement of the melting entropy and a related discontinuity in the magnetization, if they exist in conventional superconductors, should be feasible on selected compounds using state-of the art techniques provided that vortex pinning is weak enough.
Basic melting theory a) The melting lines
The assumptions of the simplest theory about the melting of the vortex lattice are very similar to a basic melting theory for solids. In 1910, Lindemann introduced a melting criterion [34] , based on the idea that melting occurs as soon as the thermal mean-square displacements for vortices with the mean vortex distance ! a 0 = " 0 /B ) lead to an implicit equation [17, 35] t m field ("c-axis"). In SI-units, Gi is then defined as given in the literature, however, and it will not lead to an accurate estimate of the melting lines over the full range of temperatures. Therefore we will assume in the following a relationship of the form
with appropriate formula [17, 35] .
The function f(b) in Eq. (1) has been first calculated by Houghton, Pelcovits and
In their original work, a linear ! B c 2 (T) was assumed, which we have replaced in Eq. (1) by Eq.
(3). Mikitik and Brandt calculated f(b)
, again for ! >> 1 , within a collective pinning theory
valid for all values of b throughout the mixed state, with
the Abrikosov number. The functions f(b) from Eqs. (4) and (5) In order to be able to briefly discuss also the important case of an arbitrary ! , it is instructive to consider a simplified version of Eq. (1),
with the shear modulus ! c 66 . To interpret Eq. (6) we consider the result of Brandt [36] within a theory of weak collective pinning,
which was computed for all values of ! > 1 / 2 and b throughout the mixed state. The Eq. (6) together with Eq. (7) The Eqs. (6) and (7) show in a very transparent way that for a given 
2 ) 1/ 2 , or, in terms of the Ginzburg number in Eq. (1), to an increase of Gi to an effective
In the following we will nevertheless use the melting lines obtained by Mikitik and
Brandt [35] for ! >> 1 because they are explicitly valid for all values of b and Gi and also allow for a temperature dependence of the upper-critical field according to Eq. (3). We choose ! c L = 0.20 [37] , and we will ignore for the moment any possible renormalization of Gi for the limit ! " 1 / 2 , which would only affect Nb and CaC 6 listed in table 1.
b) Distance of B m from the fluctuation region around B c2
In Fig. 1 we illustrate that besides 
The width of the critical-fluctuation region in a magnetic field on the temperature scale, on the other hand, has been estimated to [38] !T fluc t " T c 2 (B)Gi
where T c2 (B) is the inverted B c2 (T). The corresponding width in B around B c2 (T) is
where we have again made use of Eq. (3). The melting line is outside the critical region if
which is always fulfilled for reasonable values of c L , notably independently of the value of Gi.
A tighter condition, ! "B > n"B fluct with ! n > 1, will modify this criterion to
but we may note that a clear first-order transition has been observed in YBa 2 Cu 3 O 7 up to t " 0.98 [7] . 
c) Discontinuities in entropy and in magnetization
To obtain the melting entropies, we make use of Richard's rule [32] for crystal lattices, in which the configurational melting entropy per particle is assumed to be a constant multiple (or fraction) of k B . With the volume V 0 occupied by one particle we then have
where ! "s 0 is the configurational melting entropy per volume and ! is an unknown and yet to be determined constant (see below).
To obtain the elementary volume V 0 for vortices that is relevant for counting the total number of degrees of freedom in the system, it is essential to use the correct "single-vortex length" L 0 . This length has often been erroneously taken as the zero-temperature coherence length ! [14, 31] , thereby vastly underestimating it and overestimating ! "s 0 . Kierfeld and
(which is much larger than ! ), and the volume V 0 becomes
which diverges as B approaches the upper-critical field and therefore leads to a substantial reduction of 
with In this sense, the corresponding quantities calculated in the remainder of this paper have to be taken as order-of-magnitude estimates, rather than as exact results.
In the context of vortex-lattice melting, the constant ! in Eq. (12) Ref. [7] for H //c with ! = 0.077 (see Fig. 2 ). To further justify this rather small value, we can use a crude estimate taken to explain It is interesting to note that in the limit ! " 1 / 2 (i.e., when approaching the type-I limit), ! c 66 in Eq. (7) 
Application to real materials
In order to estimate the order of magnitude of the discontinuities in entropy We have then calculated the melting lines B m (T) according to Eqs. (1) and (5) with c L = 0.20 (see Fig. 3 ).
In the Figs (1) and (5) Substance 
Concluding discussion
As expected, the discontinuities in Nevertheless, even with a conservative estimate ! " 0.03 and taking a reduction of the form 1! 1 / 2" 2 into account, we obtain for the maximum possible ! "s in Nb " 16 mJ/Km 3 , which should still be within reach of state-to the art calorimeters [14] . In this context we would like to mention that in Ref. [14] , a marked narrowing of the expected fluctuation peak than what has been reported in Ref. [31] . We have to state, however, that Nb 3 Sn shows a particularly strong "peak-effect" near T c2 (B) that becomes even more pronounced upon "vortex-shaking", with a very sharp onset as T is increased towards T c2 (B) [63] . This peakeffect is believed to be a manifestation of enhanced vortex pinning right below the uppercritical field, and the vortex lattice is therefore expected to be prone to disorder and nonequilibrium effects.
We finally want to state that the order-of magnitude estimates that we have calculated for the magnetization discontinuities, #M / $ " 10 to 150 A/m (with $ " 0.06, 4!#M " 8 mG to 0.11 G in cgs units) are small, but should still be within the sensitivity specifications of commercial SQUID magnetometers. Nevertheless, unlike the heat capacity which is a measure of a bulk property of the vortex lattice (i.e., probing the total magnetic flux density (1) and (5) 
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